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Abstract 
 
This work presents a label-free bio-molecular detection technique based on real-
time monitoring of the resonant frequency of micromechanical thermal-piezoresistive 
rotational mode disk resonators encapsulated in microfluidic channels. Mass loading via 
adsorption of molecular layers on the surface of such devices results in a frequency shift. 
In order to provide a reliable platform for sample-resonator interactions and to protect the 
resonators from contaminants, the resonators were encapsulated in PDMS-based micro-
fluidic channels. Micro-channel encapsulation also allows insulation of electrical signals 
from the analyte solution. To characterize the performance of such devices as real-time 
label-free bio-molecular detectors, the strong non-covalent binding of Avidin with its 
ligand, biotin was utilized. To further validate the measured frequency shifts and confirm 
that the frequency shifts are due to molecular attachments to the resonator surfaces, 
fluorescent labeled molecules followed by fluorescent imaging was used confirming the 
existence of the expected molecular layers on the resonator surfaces. 
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Chapter One 
       Introduction 
Molecular detection, the detection and measurement of small quantities of 
molecules, is widely used in a variety of medical diagnostic, environmental, food and 
agricultural monitoring processes. Molecular detection is of great importance in medical 
diagnostics for early disease detection, which is vital for a patient’s survival.  
 
1.1 Problem Statement 
Current molecular detection techniques such as fluorescent micro-arrays use 
optical detection techniques that are expensive, requiring bulky and sophisticated readout 
instruments. In addition, fluorescent tags are attached to selected bio-species which 
necessitates time consuming pre-processing of the samples. Furthermore, using 
fluorescence does not provide real-time monitoring of the molecular binding events and 
only provides the end result. Therefore reaction rates, as well as crucial information about 
the effects of parameters on the molecular binding, important to many applications, 
remain unknown. Another example of currently available detection techniques is 
integrated optical biosensors based on Surface Plasmon Resonance (SPR). Such 
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techniques cannot be easily miniaturized and are not suited for inexpensive high 
throughput fabrication. Moreover they require the use of laser excitation or a precise 
alignment of the optical system. Other detection techniques, such as the study of disease 
and biomedical pathways where measurement of affinity binding constant of protein-
protein reaction is required, can take longer.  
 
1.2 Thesis Objective 
There is a tremendous need for label free biosensors to monitor molecular 
behavior in real time. Such biosensors should be capable of providing electronic readouts 
with fast and reliable responses, should be economical, easy to use, small in size, and 
eligible for mass production.  In addition to the above properties, the ideal biosensor 
should be able to operate directly in liquid media while providing a high level of 
sensitivity because most of the biological species of interest exist in aqueous solutions.   
 
1.3 Thesis Background 
Micro Electro Mechanical System (MEMS) based devices can be used as 
biosensors, combining biological elements with physiochemical transducers. Such micro 
biosensors can be integrated into an array and can provide sensitive, rapid and real-time 
electronic measurements. Initially, the design and fabrication process of MEMS was 
borrowed from the integrated circuit (IC) industry. Some of the processes borrowed from 
IC technology are photolithography, thermal oxidation, ion implantation, wet etching, 
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and reactive-ion etching. Further developments are seen in MEMS-specific 
micromachining processes  [1]. Additional processes included in MEMS were x-ray 
lithography, anisotropic wet etching, deep reactive-ion etching (DRIE), etc. [1].  
Examples of MEMS devices used in different fields include accelerometers to deploy air 
bags in automobiles [2], digital light processors used in color projectors, [3] and printing 
heads in inkjet printers [4].  
 
1.4 Methodology 
In this research a micro electromechanical resonator for real-time molecular 
sensing is fabricated, characterized and implemented. The mechanical resonator is used 
as a bio-molecular sensor that is sensitive enough to detect bio-molecules. The surface is 
modified by attaching receptor molecules capable of selectively adsorbing the target 
molecules of the receptor. Therefore, the receptor and the target molecules add mass to 
the surface of the resonator, allowing for observation of change in the resonator’s 
resonant frequency. The resonator is embedded in a microfluidic channel in order to 
insulate the electrical connections from the samples solution, protecting the resonator 
from debris and contaminations and to manipulate the fluid pathway.   
 
1.5 Scope of Thesis 
The scopes of this thesis are: 
1. To understand the principle of Micro-Electro-Mechanical Resonators. 
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2. To understand the fabrication process of the MEMS resonators and PDMS based 
Micro-channels. 
3. To study the Molecular Detection technique used by the MEMS resonators.  
1.6 Organization of the Thesis 
This thesis is organized in six chapters. Brief outlines of the chapters are 
presented below. 
Chapter 1: Introduces the problem statement, thesis objective, thesis background, 
methodology, and scope of the thesis.  
Chapter 2: Presents the background information on Micromechanical Resonators.  
Chapter 3: Presents the fabrication process of rotational mode disk resonator and PDMS 
based micro-channel. 
Chapter 4: Discusses the molecular detection techniques for the sensors. 
Chapter 5: Shows the experimental results of the sensors. 
Chapter 6: Briefly summarizes this research, makes a conclusion from the results, and 
discusses the future work. 
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Chapter Two 
 Background 
 
This chapter discusses the background of the mechanical resonators, their 
actuation mechanisms, and their sensing techniques when used as biosensors.  
 
2.1 Mechanical Resonators 
A resonator is a physical component that can oscillate with a fixed frequency. 
During the past few decades, mechanical resonators have been used in various 
applications including frequency referencing, filtering, and a variety of sensing 
applications.  
Mechanical resonators made of quartz (a crystalline form of SiO2) crystal have 
been widely used over the past few decades due to their piezoelectric behavior, 
mechanical properties, and remarkable thermal stability.  The shortcomings quartz crystal 
faces are incompatibility with semiconductor fabrication technology and are costly when 
their sizes are shrunk. Mechanical resonators made of metal were used for audio filters 
with frequencies ranging from 1 KHz to 100 KHz [5]. The problem with metal is that 
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they are unstable, prone to temperature changes, and have unpredictable frequency shifts 
over time. This is unacceptable when the resonators are used as a timing reference for 
clock generation. On the other hand, silicon  has gained a lot of attention as a mechanical 
material because of its electronics properties and excellent mechanical stability, making it 
an ideal candidate for use as sensors [6]. Silicon, when used as a substrate material, must 
be in its pure form, which is the single-crystalline, or monocrystalline form. Silicon micro 
devices can be integrated in arrays of hundreds to thousands that enables new sensing 
platforms for simultaneous detection of various bio-molecules. 
When the sizes of the mechanical resonators are shrunken down into micro scale, 
mechanical resonators can have resonance frequencies ranging from a few kHz to a few 
GHz. The single crystalline silicon based mechanical resonators have gathered a great 
deal of attention by offering low cost, low power consumption, high sensitivity, IC 
compatibility, and operational convenience. The square-extensional micro resonator is an 
example of SCS resonators. The resonator consists of a 320x320x10 µm square plate 
with T-shaped corners anchoring on each side (Fig.2.1). The square plate compresses and 
expands when an external DC bias voltage along with an AC actuation voltage at 
resonance frequency is applied. The resonance frequency of such a resonator is measured 
to be 13.122MHz and can be used for low phase noise applications [7,8]. 
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Figure 2.1. Schematic diagram of the resonator showing biasing and driving setup [7]. 
 
2.1.1 Resonance frequency  
Resonance frequency is the frequency at which the vibrational amplitude 
maximizes. It is located at the center of the pass-band of the frequency response and is 
denoted as f. [9].  
A mechanical resonator can be demonstrated as a simple “spring mass damper 
system” (Fig. 2.2). In electronics, this system is equivalent to a series or parallel 
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combination of capacitors, inductors, and resistors. The resonant frequency is denoted by 
equation (1) at which it naturally oscillates if the spring is stretched and released. 
f=
 
  
√
 
 
                                                                                                         (1) 
Here K is the effective stiffness of the spring and M is the mass.  
 
 
 
 
 
 
2.1.2 Energy dissipation Mechanism: Quality Factor 
Quality factor is considered as a performance measurement tool for MEMS 
resonators.  It can be described as the ratio of the stored energy and the energy 
dissipation, per cycle, to keep the amplitude of the signal constant at the resonance 
frequency (Fig. 2.3). The Quality factor, Q, is a dimensionless parameter that is denoted 
as: 
Q=
 
  
                                                                                                                                 (2) 
 
Spring constant 
 K 
Mass 
M 
Damping  
 
Figure 2.2. Spring mass damper System 
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Here  f is the bandwidth at which the energy of the resonator decreases to half of 
its maximum value. 
 
Figure 2.3. Resonance frequency of the spring mass damper system. 
 
Since the quality factor is proportional to the resonance frequency of the 
mechanical resonator over the bandwidth, the quality factor is considered as the 
measurement of the sharpness of the system response to the resonance frequency. As a 
result, resonance frequency of a resonator with higher quality factor would deteriorate 
rapidly when the frequency moves away from the resonance frequency, and it would be 
more accurate and stable [9].  
The dynamic performance of the micro-mechanical resonators is strongly 
dependent on the environment. While the interaction between resonators and the 
environment is less important in vacuum and air, resonance frequencies and Quality 
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factors are significantly affected when resonators are operated in viscous fluid. This is 
essentially due to the large surface to volume ratio of the micro devices and subsequently 
the large viscous damping to elastic energy ratio in them. A micro cantilever resonator in 
an Atomic Force Microscope (AFM) can be used in a liquid environment, in order to 
image a biological sample. As an external voltage is applied to the cantilever, the tip of 
the cantilever starts to vibrate in its out-of-plane (vertical) flexural mode in the liquid. 
The interaction between the cantilever and the liquid decreases the cantilever resonance 
frequency and Quality factor. The drop in the quality factor of the cantilever restricts the 
resolution of the AFM image [10-12]. Quality factors as low as 2 [12] and 5 [13] in liquid 
are reported from magnetically actuated cantilevers resonating in their out-of-plane 
flexural modes.  The paddling motion of the wide edge of the cantilever caused by the 
out-of-plane flexural mode encounters a lot of resistance from the surrounding liquid that 
results in an extreme viscous damping (Fig 2.4).  
 
Figure 2.4. Out of plane flexural mode of a micro-cantilever [13,14] 
Stroking Against 
Liquid  
Sliding Parallel 
To Liquid Interface 
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 However, a Quality factor of 67 has been measured in liquid for a cantilever 
resonating in its in-plane resonant mode. While operating in its in-plane resonant mode, a 
high Quality factor is acquired due to the narrow edge of the cantilever, allowing a 
smaller portion of the resonator surface area to stroke against the liquid interface (Fig 
2.5) compared to the out-of-plane flexural mode (Fig 2.4).   
 
Figure 2.5. In plane flexural mode of a micro-cantilever [14,15] 
 
Mechanical resonators can be used as mass sensors, where the attached mass 
causes shifts in the resonance frequency. However, as the quality factors decrease in 
liquid, the detectability of small frequency shifts decreases, whereas high quality factors 
facilitate the detection of even small frequency shifts due to mass loading. Therefore, 
Sliding Parallel 
To Liquid Interface 
Stroking Against 
Liquid 
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mechanical resonators working as a biosensor with high quality factors in liquid 
environments is desirable for molecular detection. 
2.2 Actuation Mechanism for Micro-Mechanical Resonators 
Micro-electro-mechanical actuators are responsible for the excitation of the 
vibration mode (horizontal, vertical and swinging) of MEMS resonators.  Some of the 
actuation mechanisms that are used to actuate the resonators are magnetic, electrostatic 
and thermal expansion. 
 
2.2.1 Magnetic actuation. 
The interactions between magnetic elements like permanent magnets, magnetized 
materials, and current carrying conductors can be used to create mechanical 
displacements in micro scale resonators. The magnetically actuated single crystalline 
silicon micro-cantilever resonator shown in Figure 2.6 can be used for active frequency 
tuning.  The micro-cantilever consists of a gold layer deposited on the surface. An 
external magnetic field is produced by a permanent magnet, the Samarium Cobalt 
(SmCo), extending parallel to the micro-cantilever’s length. The AC voltage, supplied by 
the function generator, passes through the gold coil, and as a result, an altering Laplace 
force is generated, which then makes the micro-cantilever vibrate. The vibration is 
detected by the Wheatstone bridge with a DC bias current. The maximum tuning range of 
the micro-resonator resonates at 25.77 KHz (Fig 2.6) is -3403ppm [16]. 
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Figure 2.6 SEM view of Magnetically actuated Micro-cantilever [16]. 
 
2.2.2 Electrostatic (capacitive) actuation. 
Electrostatic actuation is based on the principle of coulombic attraction between 
oppositely charged materials. Two of the commonly used configurations of electrostatic 
actuators are the parallel plate actuator and comb-drive or interdigitated fingers-IDT. The 
parallel plate actuator consists of two parallel plate electrodes where at least one of the 
electrodes is movable, Fig 2.7(a). When an external voltage is applied between the two 
plates, oppositely charged electrodes attract each other and an electrostatic attractive 
force is produced between them, which pulls the movable electrode towards the fixed 
electrode. On the other hand, a Comb-drive actuator contains two comb sets of 
 14 
 
interdigitated “teeth” which are interlocked Fig 2.7(b). The mechanical structure is 
designed so that teeth of the two combs never touch, they slide past one another. As a 
voltage is applied between the static and moving combs, the teeth are drawn close 
together by the attractive electrostatic force. 
                                                                    
 
Figure 2.7(a) Parallel Plate Actuator. (b) Electrostatic Comb-Drive Actuator 
 
By applying alternating voltage across the plates, the fluctuating mechanical force 
can be used to actuate micromechanical resonators. Figure 2.8 shows a lateral comb drive 
that consists of linear plates with folded-cantilevers anchored near the center. The four 
beams on the top and the bottom expand and contract along the y-axis. A sinusoidal drive 
voltage is applied to one set of the fixed electrode fingers via pad 3. Simultaneously, a 
DC bias is applied to pad 1(inactive electrode fingers) and pad 2 (suspended structure) 
(Fig. 2.8). A linear comb drive in [17] with a 80µm long beam is measured to have 
resonance frequency of 75KHz. 
+ + + + + + + + + + + 
- - - - - - - - - - - - - 
V 
(a) (b) 
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 Figure 2.8. Resonant plates with comb drive on both sides and a 50µm long folded 
cantilever beam on each side [18]. 
 
Figure 2.9 SEM image of Lateral Comb drive [18]. 
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2.2.3 Thermal Actuation: 
When a current passes through a conductor, the electrical resistance of the 
material causes a power loss or dissipation of energy in the structure. This dissipation 
causes an increase in the temperature, and as a result, the structure experiences an 
increase in its dimension, which is known as thermal expansion. The escalation in the 
dimension of the structure is denoted as  L=αL T. Here L and T are the length and 
temperature of the structure and α is the thermal expansion coefficient that is dependent 
on the material. Due to the thermal expansion, the structure experiences an internal stress. 
Therefore, thermal expansion can be used as an actuation mechanism to generate force 
and displacement.  
The plate resonator shown in Figure 2.10 is an example of a thermally actuated 
micro resonator. The resonator consists of a central plate with 4 support beams. Thermal 
actuation occurs when a combination of DC and AC currents pass between the two upper 
pads located on both sides of the central plate. As a result, fluctuating ohmic loss is 
generated in the central plate and the beams. Since the actuator beams are thinner than the 
central plate, most of the ohmic loss occurs in the beams, which results in a significant 
temperature fluctuation. This fluctuation in temperature causes the extensional beams to 
thermally expand and contract, which actuates the resonator in its in-plane flexural mode 
[19]. The central plate vibrates back and forth in the resonator plane in its in-plane 
resonance mode perpendicular to the support beams. Such resonators have been used as 
sensors to sense air borne particles [20,21].  
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Figure 2.10 Schematic view of a Plate resonator [21]. 
 
Thermal actuation is a well-known mechanism that is easy to implement on a 
micro-scale without any complicated fabrication challenges. Thermal actuators do not 
require any sophisticated material integration. In addition, they require low operating 
voltage and produce large actuation force and displacement. The shortcomings that 
thermal actuators face are that they consume high amounts of power and they are 
considered slow actuators due to the time consumption of the heating system in reaching 
the desired temperature and generating the anticipated force. Therefore such actuators are 
usually used for DC or very low-frequency applications. Even though thermally actuated 
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micro-mechanical devices with frequencies up to 9.8MHz have been reported [22], not 
much study has been done for using thermal actuation in high frequency operations. 
However, in our lab, recent studies have shown adequately encouraging results for 
thermally actuated high frequency resonators [23].  
 
2.3 Mechanical Resonators as Biosensors 
Biosensors are the combination of biological elements and physical or chemical 
transducers [24]. The micro-mechanical resonator based resonant mass sensors used as 
transducers have extensively gathered a lot of attention due to their high sensitivity and 
small size, making them appropriate for detecting micro/nano sized bio-particles. The 
mechanical resonators selectively sense the mass of the bio-molecules in their 
surroundings. Such bio-molecules can be environmental, food, human or cell samples, 
etc. Upon sensing small added mass  m ( m   m) on the surface of the resonator, the 
resonance frequency drops proportionally to the added mass. The resonance frequency 
shift ( f) can be calculated as: 
  
  
  
 
  
  
  
 
  
  
  
                                                                             (3) 
Some of the sensing techniques used by the mechanical resonators to sense the 
bio-molecules are piezoelectric, electrostatic, optical and piezoresistive [25-27]. 
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2.3.1 Piezoelectric Sensing 
When an external strain or mechanical force is applied on a piezoelectric material, 
an electrical field and polarization of electric charges occurs inside the material. This is 
known as the piezoelectric effect, which is utilized in the detection of the vibration 
amplitude of mechanical resonators. Similarly, when an electric field is applied to 
piezoelectric material, it produces a mechanical force which expands or contracts the 
material at a precise frequency with very little variation.  This effect, known as inverse 
piezoelectric effect, is utilized in the actuation of mechanical resonators. As the 
piezoelectric effect is reversible between strain and voltage, it makes the piezoelectric 
materials perfect candidates for sensing and actuating.  
Piezoelectric materials are certain classes of crystals that show the piezoelectric 
effect.  For example, crystalline quartz, lead-zirconate-titanates (PZT), Zinc Oxide (ZnO) 
and Aluminum nitride (AIN) are some piezoelectric materials. However, all piezoelectric 
materials are incapable of electronic integration. Among all the materials, quartz crystal 
is the first material that is used in a piezoelectric resonator. Quartz has drawn a lot of 
attention since it has been demonstrated in 1922 [27,28]. Due to their outstanding 
temperature stability and high quality factors, quartz crystals have been used in high 
accuracy timing devices and frequency references [29,30]. However, the biggest 
challenge quartz resonators face is that their batch processing is not compatible with IC 
fabrication technology.  
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Larger scale Quartz Crystal Microbalance (QCM) [31] and Surface acoustic wave 
(SAW) [32] piezoelectric resonators have previously been used as mass sensors. A QCM 
consists of a thin piezoelectric layer with electrodes evaporated onto both sides. When an 
AC voltage is applied across the electrodes, the structure starts to vibrate at a certain 
frequency. On the other hand, a SAW resonator consists of a piezoelectric substrate, two 
or more inter-digitized metal electrodes, and two acoustic reflectors patterned on the 
surface of the piezoelectric material. Both QCM and SAW can quantify the cumulative 
mass deposited on their surfaces as shifts in their resonance frequencies.   
The interests of the piezoelectric based micro-resonators used as physical, 
chemical or biological sensor to dynamically detect targeted molecules have been 
increasing day by day because of their low or no power consumption and low driving 
voltages [33,34].  
Figure 2.9 shows a PZT micro-cantilever that can be used for label free detection 
of C-reactive protein (CRP) [35]. The piezoelectric micro-cantilever with dimension 
75µm x 188µm with 3.5µm thick multilayer composed of SiNx/SiO2/Ta/Pt/PZT/Pt/SiO2 
is fabricated (Fig. 2.11(a)). Figure 2.11(b) shows the SEM image of the micro-cantilever. 
The micro-cantilever consists of a sensing electrode, which is used for dielectric 
measurement of the resonant frequency, and a driving electrode, which is used for 
actuation of the cantilever. The sensing electrode is placed on the top of the PZT layer 
adjacent to the driving electrode [35]. The micro-cantilever vibrates when an AC sine 
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wave form of 0.5 Vpp by a superimposed DC voltage (0.25V) is applied to the actuation 
electrode while the bottom electrode is grounded.   
 
 
Figure 2.11 (a) Schematic side view of unimorph micro-cantilever[35]. (b) SEM image of 
the PZT cantilever arrays [35] 
The cantilever is functionalized by coating the SiNx side with Cr/Au which plays 
an active part in protein-protein interactions. To immobilize monoclonal anti-CRP, the 
Au surface is coated with Calixcrown (Calizarene derivative) SAMs, which is used to 
identify ammonium ions in the protein. Therefore it immobilizes the protein on the SAMs 
surface of the cantilever. To prevent non-specific binding, a blocking agent called Bovine 
Serum Albumin (BSA) is coated on the surface of the cantilever. The antigen-antibody 
experiments are done using Cy3 fluorescence labeled CRP. The CRP antibody 
immobilized cantilever is then dipped in the CRP-antigen solution and washed out by 
phosphate buffered saline (PBS) (Fig 2.12).  
(a) 
(b) 
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Figure 2.12 Schematic diagram of monoclonal anti-CRP immobilization using 
Calixcrown SAMs on Au surface of cantilever, followed by binding between CRP 
antigen and its antibody [35]. 
This process is repeated a couple of times after which the device is dried by 
nitrogen gas for one minute. By changing the sweeping frequency of the actuator, 
measurements of the sensing signal are concurrently done by the monolithic sensor on the 
cantilever. The charges that are induced due to the resonance of the cantilever actuator 
are measured by the sensor as a DSP signal processed voltage variant form which can be 
controlled by a PC. In the first 5 minutes, the value of the resonance frequency decreased 
around 65% from the initial value and around 97% after 60 minutes in saturation. A 
confocal scanner is also used to observe the florescent scanning images [35].   
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For a sensitive and reliable real-time monitoring of molecular interactions, 
mechanical resonators need to be able to perform vibration modes with high quality 
factors in liquid environments, since biological compounds are mostly in liquid.  
Figure 2.13 shows a Disk shaped piezoelectric resonator with resonance 
frequencies ranging from 2.0 to 8.0 MHZ and Quality factor as high as 80, which is 
capable of operating in liquid, thus making them suitable for bio sensing. The resonant 
device is implemented in a thin-film piezoelectric on silicon (TPoS) technology. The 
resonator consists of a circular disk with two actuator beams (Fig. 2.13). A thin 
piezoelectric aluminum nitride film sandwiched between two metal electrodes is 
deposited on the silicon substrate. The metal coated aluminum nitride film on the support 
beams is used for both sensing and actuating. 
 
Figure 2.13 Piezoelectric rotational mode disk resonator [36] 
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 When an altering voltage is applied to the metal electrode on one of the 
supporting beams at the right frequency, the support beams start to vibrate in their 
longitudinal mode whereas the disk vibrates in its rotational mode. The resonator is 
functionalized by coating the surface with a layer of gold. When the resonator comes in 
contact with MCH, which is a spacer thiol containing a sulfhydryl group, the Au-coated 
surface reacts with the sulfur atoms of the thiol group. As a result, a very strong bond of 
sulfur and gold is established on the surface of the resonator. Due to the added mass on 
the resonator, a resonance frequency shift of ~3600ppm is reported, confirming a mass 
sensing of the bio molecules. [36]. Such disk resonators can also be used to detect ssDNA 
molecules and to monitor liquid viscosity [36,37].        
Piezoelectric transduction has material characterization and quality control issues 
due to the need of depositing thin piezoelectric films on the substrate. Moreover, the 
drive and sense electrodes needed for piezoelectric actuation and detection requires being 
physically connected with the resonant structure, which causes excessive loss and quality 
factor degradation.    
 
2.3.2 Electrostatic (Capacitive) Sensing:  
When an external voltage is applied between a parallel plate capacitor, an 
electrostatic attractive force is created between the plates. By applying a constant DC 
voltage between the capacitor plates, electrostatic actuation is created, which thereby 
changes the distance between the plates. This change in the distance causes the capacitor 
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capacitance to change, that result in an alternating output current that can be measured. 
Therefore, this induced current can be used to sense the vibration amplitude of 
mechanical resonators.  
During the past few years, there have been substantial developments in the 
performance of silicon electrostatic/capacitive micro-resonators [25]. Such resonators can 
potentially be a good candidate to be used as mass sensors for biological or chemical 
sensory applications. Figure 2.14 shows an electrostatic clamped-clamped beam silicon 
resonator, used to detect small concentration of copper(II) ions in water samples [38]. 
The beam resonator is fabricated on a Silicon-On-Insulator (SOI) substrate, where the 
handle layer of the substrate acts as the actuation electrode and the Buffer Oxide (BOX) 
layer acts as the transduction gap. When a combination of AC and DC voltage is applied 
to the handle layer, a fluctuating electrostatic force is generated between the substrate and 
the beam structure. As a result, the beam starts to vibrate in its out-of-plane flexural 
mode. The output current induced in the beam is measured from the resonator body. The 
resonance frequency of a 100 µm long, 20µm wide and 9µm thick clamped-clamped 
beam resonator is measured to be  ~ 4.97MHz [38].  
Next, to sense the existence of the metal ions the resonator is immersed into the 
copper (II)-sulfate solution. The silicon on the resonant structure gets oxidized by the 
metallic ions. As a result, a thin layer of metal gets deposited on the surface of the 
resonator. Due to the added mass on the resonator surface a resonance frequency shift of 
~400ppm is reported from this kind of resonator [38].  
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Figure 2.14. One port Clamped-Clamped beam resonator. Frequency response is reported 
to be ~5MHz [38].  
 
Electrostatic transduction suffers from a small actuation force and complicated 
fabrication processes. Moreover, when resonators are operating under atmospheric 
pressure and interacting with the adjacent surroundings, air gaps result in unnecessary 
clasp of film damping, which leads to a decrease in the quality factor. When using the 
transduction for sensory purposes, the narrow gaps are very susceptible to pollutants from 
the surroundings [21].  
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2.3.3 Optical Sensing 
The optical detection systems are possibly the most commonly used technique 
due to their widespread usage in bio-medical research and life science. Usually, optical 
biosensors are based on two detection mechanism: fluorescence based detection and label 
free detection. In the fluorescence based detection technique, the target molecules or the 
bio-recognition molecules are labeled with fluorescent tags, for example dyes. The 
existence of the target molecules and the strength between the bio-recognition molecules 
are recognized by the intensity of the tagged fluorescence. Such detection technique is 
sensitive enough to detect a single molecule [39]. However, the fluorescence tagging 
process is difficult and can hamper the binding reaction, which is the down side of this 
detection technique [40]. On the other hand, in the label free detection technique, instead 
of labelling the bio-molecules with fluorescent tags, they are used in their natural form. 
Label-free detection is cheap, easy, and measures physical properties such as refractive 
index change due to the molecular interactions. Unlabeled optical sensors generate a 
signal as a result of altering properties of the surface due to the interaction between 
immobilized receptors and target molecules.  
 Surface Plasmon resonance (SPR) [41] and Quartz Crystal Microbalance (QCM) 
[42] are two label free detection methods broadly used for drug delivery and quality 
control. However, the downside of SPR and QCM is that they are not capable of 
miniaturization and batch fabrication. Figure 2.15(a) shows a Micro-cantilever that is 
capable of operating in liquid, which can be used to detect single cell and nano particles 
in the fluid. Figure 2.15(b) shows an Optical lever that is used for measuring deflections 
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and resonance frequencies of the resonators. The optical deflection signal is applied to a 
drive electrode that forms an oscillator circuit. The oscillation frequency is measured by a 
digital counter. A microfluidic channel is routed through the interior of the cantilever that 
eliminates the viscous damping of the liquid. The cantilever actuates electrostatically and 
the resonance frequency relies on the measurement of the deflection using the optical 
lever method where a laser beam is focused onto the tip of the resonator. First the micro-
channel is filled with Avidin solution, for which a drop in the resonance frequency of  
 
 
Figure 2.15 Schematic diagram of (a) micro cantilever embedded in microfluidic channel 
(b) Resonance frequency responses (c) Optical lever setup [43]. 
(a) 
(b) 
(c) 
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2Hz is observed. Next Biotinylated bovine serum albumin (BSA) and then again Avidin 
is injected respectively into the cantilever, for which rapid drop in the resonance 
frequency is observed [43,44]. Microfluidic channel embedded resonators require 
complex fabrication processes and can only bear a very low fluid flow-rate. 
The suspended micro-cantilever shown in Figure 2.15(a) is also used to study 
vaccinia viruses which are the foundation of smallpox vaccine. In this process, the 
frequency spectrum is measured using laser Doppler vibro-meter. As the virus particles 
attaches on the surface of the cantilever the resonance frequency changes and an average 
mass of 9.5fg of a single vaccinia virus is demonstrated [45].   
One of the advantages of optical biosensors is, these are highly sensitive. 
However, integrating optical components on a single chip is challenging because they 
involve costly laser sources and optical mechanisms [46]. Moreover, optical sensors are 
vulnerable to temperature and environmental changes. 
 
2.3.4 Piezoresistive sensing 
The word “piezo” is derived from the Greek word piezein, which means “to 
squeeze” or “to apply pressure”. The piezoresistive transduction technique translates the 
change in the dimensions of the mechanical resonators due to mechanical stress, into a 
change in resistance. Therefore, piezoresistivity establishes a direct transduction 
mechanism between mechanical and electrical domain. The variation of the resistance 
due to piezoresistivity depends upon the stress that is applied on the structure and can be 
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denoted as  R=Rµ1 L. Here, R, L, µ1 are the resistance, length and the longitudinal 
piezoresistive coefficient of the structure 
The piezoresistive effect has been first shown in a metal strain gauge that is used 
to measure strain where the resistance of the metal changes as the dimensions changes 
[47]. However, the change in resistance of a semiconductor material such as silicon is 
much higher (e.g. 10-100 times) than metal [1]. Therefore, silicon is considered to be a 
true piezoresistive material. 
      
Figure 2.16 (a) SEM image of a cantilever (b) Cantilever inside the glass chamber [48]. 
 
A self-sensing piezoresistive silicon cantilever can be used as a mass sensor to 
monitor carbon engineered nanoparticles (NPs) (Fig 2.16). For frequency measurement, 
p-type piezoresistors are used in a full-Wheatstone bridge setup and placed closed to the 
clamp end of the cantilever where the maximum stress is sensed due to resonance of the 
cantilever. The cantilever sensor is placed in a sealed glass chamber with a stable carbon 
aerosol, which is atomized inside [48].  
(a) (b) 
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As a constant flow of particles is conducted from the inlet of the glass chamber, 
NPs are collected at the cantilever’s free end. Reduction in the resonance frequency is 
observed due to extra mass on the cantilever.   
 
2.3.4.1 Thermally Actuated Piezoresistive Sensing      
Thermally actuated piezoresistive sensing can be divided into three main 
domains: thermal, mechanical and electrical. The block diagram is given in Figure 2.17. 
In the thermal domain, an AC voltage is applied as an input to a thermally actuated 
semiconductor resonator, which causes a power loss. Due to this power loss the input 
voltage turns into temperature. In the Mechanical domain, the temperature turns into a 
fluctuating mechanical force that result in fluctuating mechanical displacement. Thus, 
thermal expansion causes mechanical movement of the resonator. In the electrical 
domain, the mechanical displacement is sensed by the piezoresistive effect of the material 
that translates into an output AC motional current. 
 
 
Figure 2.17 Block diagram of a thermally actuated piezoresistive system 
 
A piezoresistor made of metal requires complicated fabrication processes. High 
current density, used to actuate the resonators thermally, makes the metal resistors 
 
 
Electrical 
Signal 
Displacement Temperature Input Voltage 
Thermal Mechanical Electrical 
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vulnerable to electromigration, deteriorating their long-term reliability. On the other 
hand, single crystalline silicon is immune from eletromigration, thus providing high Q-
factors and better long-term reliability [21]. Thermally actuated piezoresistive SCS I
2
-
Bulk Acoustic Wave Resonators (I
2
-BARs) have uniform mass sensitivity to directly 
measure the mass changes. Therefore, such resonators are suitable for detecting 
micro/nano-sized air borne particles (Fig.  2.18)  [49,50].  
              
Figure 2.18.(a) Schematic diagram of I
2
-Bulk Acoustic Wave Resonators (I
2
-BARs). 
Resonance frequency ~61MHz (b) SEM view of a 31MHz 10µm thick I
2
-BAR resonator 
[50] 
When a combination of DC and AC current passes between the two pads situated 
on both sides of the structure, the temperature fluctuates, causing thermal expansion. The 
pillars that act as actuators alternatingly compress and tensile in their in-plane extensional 
mode at their resonance frequency. The variation in the dimension of the pillars results in 
the variation in their electrical resistance which is due to piezoresistivity. Resonance 
frequency of such resonators in air is reported to be 61MHz [51,23]. In order to measure 
the mass sensitivity of the resonator, a flow of particles is discharged on the resonator 
(a) (b) 
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with the help of an artificial air borne particle generator.  As air borne particles land on 
the highly sensitive surface of the resonator, the added mass causes the resonance 
frequency to shift [52].  
The fabrication process of the thermal-piezoresistive resonator is simple and 
requires only a heating resistor. Compared to piezoelectric and electrostatic mechanical 
resonators, thermal-piezoresistive mechanical resonators perform better when they are 
sized down. Therefore thermal piezoresistive micro-resonators are a good candidate for 
signal processing and sensory applications.    
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Chapter Three  
Fabrication of Thermally Actuated Rotational Mode Disk Resonator with 
Piezoresistive sensing 
 
3.1 Introduction 
Thermally actuated rotational mode disk resonators that can operate in liquid with 
high Quality factor have previously been proposed and developed in our lab [15,55]. In 
this thesis, the thermally actuated rotational mode disk resonators [53] are used for label-
free molecular detection. The disk resonators are embedded in PDMS-based micro-
fluidic channels. The micro-fluidic channels provide insulation between the electrical 
connections and the conductive buffer solutions and protect the resonators from 
contaminants [54].    
In this chapter the fabrication process of the thermally actuated rotational mode 
disk resonators and PDMS-based microfluidic channels are presented.  
3.2 Proposed Rotational mode Disk Resonator.  
In this work, two types of thermally actuated single crystalline silicon resonators 
are used. Figure 3.1(a) shows the SEM image of the first type, which is the rotational 
mode disk resonator with tangential support beams. Figure 3.1(b) shows the SEM image
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 of the second type, which is the rotational mode disk resonator with rounded support 
beams [53]. 
 
Figure 3.1 SEM view of single disk with (a) straight tangential support beam (b) rounded 
support beam [53] 
 
3.2.1 Device Operation. 
The operations of both types of resonators are the same. The schematic view of 
the disk resonator with tangent support beams presented in this thesis is shown in figure 
3.2. The resonator consists of a whole disk with two tangentially supported beams. The 
two beams act as both the thermal actuator and the piezoresistive stress sensor at the 
same time [23]. Thermal actuation occurs by passing a combination of AC and DC 
currents between the two pads, resulting in an ohmic loss component at the same 
frequency as the input AC current. Due to the higher electrical resistance, most of the 
fluctuating ohmic power is concentrated in the narrow beams. The fluctuation of the 
ohmic power loss leads to the fluctuation of heat generation.    
(a) (b) 
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Figure 3.2 Schematic view of the disk resonator showing the qualitative distribution of 
AC temperature fluctuation amplitude in the resonator (red color means maximum and 
blue means minimum) [53]. 
The fluctuating heat generation results in a periodic expansion and contraction of 
the thermal actuator beams that actuate the resonator in its rotational mode (rotating back 
and forth around its center). The resonator resonates with all its surface sliding parallel to 
the liquid interface, instead of stroking against it. This limits the turbulence in the liquid 
that surrounds the resonators, thus minimizing the leakage of kinetic energy and 
maximizing the quality factor of the resonator. Resonator vibrations cause periodic 
fluctuations in electrical resistance of the beams due to the piezo-resistive effect. The bias 
current gets modulated by the resistance fluctuations leading an AC output current 
component [50]. Quality factors (Q) as high as 300, have been demonstrated for such 
 37 
 
devices operating in liquid. Figure 3.3 shows the COMSOL modal analysis results for a 
100µm diameter, 20µm thick disk with 4µm wide and 26 µm long support beams [53]. 
 
Figure 3.3 COMSOL finite element modal analysis of the in-plane rotational resonant 
mode of the disk resonator. Red and blue show the maximum and minimum vibration 
amplitudes respectively [53]. 
The electrical wiring pads on both sides of the resonator are made longer in the 
resonator layout (Fig 3.4) so that they extend outside the PDMS caps (micro-channel) 
that would later be placed on top of the devices. During the thermal expansion, the 
longitudinal stress inside the support beams is directly transmitted to the support pads. 
Therefore, the support pads are not likely to have higher quality factors in air or under 
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vacuum (due to excessive support loss). However, while working in a liquid medium, the 
viscous damping is larger than the support loss, which is why support loss is negligible. 
In this work, disk resonators of diameters 100µm and 200µm are fabricated with wire 
bonding pads of length 2200µm. 
 
 
Figure 3.4 Schematic view of a disk resonator with elongated electrical pads (2200µm) 
on both sides of the disk for wire bonding. 
 
3.3 Device Fabrication 
Thermally actuated single crystalline silicon rotational mode disk resonators with 
different dimensions are fabricated on low resistivity (0.01-0.05 Ω.cm) Silicon on 
Insulator (SOI) substrates (Fig 3.5(a)). Disk Resonators are fabricated on N-type 
substrates with different device layer and Buffer Oxide (BOX) layer thickness. The 
standard single-mask SOI-MEMS process is used to fabricate such resonators. Figure 3.5 
shows the fabrication process that starts by growing a thin (~250nm) layer of thermal 
silicon dioxide (SiO2) on the substrate (black layer in Fig 3.5(b)). By using 
photolithography, the SiO2 layer is patterned to define the resonator structures. The 
Disk resonator 
Wire bonding Pad for 
electrical connection 
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silicon structure is then carved into the SOI device layer with the help of Deep Reactive 
Ion Etching (DRIE) all the way down to the BOX layer (Fig 3.5(c)). The device is then 
dipped in 49% Hydrofluoric Acid (HF) for 30 minutes to release the resonant structures 
(Fig 3.5(d)) by etching the underlying BOX layer. Due to HF, the oxide layer on top of 
the patterned structures is also etched away simultaneously. To electrically insulate the 
electrical signals from surrounding solutions, a thin layer of silicon dioxide (150nm) is 
then grown on the surface of the wafer with the help of the wet oxidation (Fig 3.5(e)). 
The silicon-dioxide layer introduces negative charges on the surface of the resonator. The 
wet oxidation is done for 30 minutes in 1100°C. After the oxidation, the device is 
thoroughly cleaned with piranha (3:1 mixture of Sulfuric Acid and Hydrogen peroxide) 
for 20 minutes. Primarily two silicon surfaces were tested, one with dry oxidation and the 
other one with wet oxidation. Wet oxidation showed a convincing amount of adsorbed 
polymer on the surface of the resonator compared to dry oxidation. Next, a PDMS based 
microfluidic channel is placed on top of the disk resonator (Fig 3.5(f)). Finally the silicon 
dioxide on the wiring pads is etched with the help of Reactive Ion Etching (RIE), except 
the area that is covered under the micro channel, so that electrical connections can be 
made to the underlying silicon (Figure 3.5(g)).  
Wide variations of rotational mode disk resonators with different dimensions are 
fabricated on a Silicon-On-Insulator substrate with different device layer thickness, disk 
diameter, and actuator length and width. 
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            SOI wafer             Buried Oxide layer             Oxide layer              Micro-Channel 
Figure 3.5 Device Fabrication Process a) SOI wafer. b) Thermally grown thin oxide 
layer. c) Patter Oxide, DRIE etch. d) HF release. e) Grown thin oxide layer. f) PDMS 
Channel. g) Oxide Etch.            
     
(a) 
(b) 
(c) 
(d) 
(e) 
(f) 
(g) 
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3.4 PDMS-Based Microfluidic Channel Preparation and Assembly 
In parallel to the preparation of the disk resonators Poly- DiMethyl-Siloxane 
(PDMS) based micro-fluidic channels are prepared. PDMS is a soft elastomeric polymer 
that has a rapid replicability, therefore widely used to make cheap, disposable 
microfluidic devices. It has a wide range of temperature tolerance (at least ~-50°C up to 
+200°C) and low curing temperature (<100°C).  
First, a 10:1 mixture of SLYGARD 184 silicon Elastomer Base and curing agent 
is prepared [55]. The solid elastomeric mixture is formed when the Silicon hydride in the 
curing agent reacts with the vinyl group found in the Base [56]. Mixing of the two liquids 
introduces bubbles in the resulting mixture, which are degassed by placing the mixture 
under low vacuum for 30 minutes. Custom made molds that have necessary features to 
make the micro-channels are designed and manufactured (Fig 3.6).     
 
Figure 3.6 Custom-made rapid-prototyped micro-mold. 
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Next, the PDMS solution is poured into the custom-made rapid-prototyped micro-
molds. The liquid PDMS imitates the profile of the mold and duplicates the features of 
the mold with high conformity. The molds filled with the PDMS liquid mixture are then 
placed in the oven and cured for 5-8 minutes at 100°C. Once the PDMS is cured, the caps 
are carefully peeled out of the mold. The PDMS channels containing narrow liquid 
passing channels and inlet/outlet ports for liquid injection are then gently placed on the 
resonator chips (Fig 3.7). The PDMS channels are placed on top of the devices while 
ensuring that:  
1) No air pockets form near the channel  
2) The disk resonators are not touching the channel and  
3) The extended parts of the electric connection pad are left outside the PDMS cap. 
 In this manner, electrical connections to the device can be made from the outside 
via wire bonds and the conductive buffer solutions used in the experiments do not touch 
the wires, while the resonator bodies under the caps (in the channels) are covered by the 
thermally grown silicon dioxide.  
 Injecting a sample solution with the help of a micro-syringe through the inlet of 
the micro-fluidic channel provides the opportunity for each molecule in the solution to 
come in close contact of the resonator. This increases the potential of the molecules 
getting adsorbed by the surface of the receptor molecules. 
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(c)  
 
 
Figure 3.7 (a) Top view of a PDMS based micro-channel on disk resonators, showing the 
inlet/outlet of the micro-channel (b) Corresponding Disk resonator (c) Micro-channel 
encapsulated disk resonator compared with a penny. 
 
3.5 Electrical Connections for operation.  
The microfluidic channel encapsulated silicon resonator is then placed on a 
printed circuit board (PCB) containing the required resistors and capacitors for AC and 
DC isolation (Fig 3.8).  
Liquid 
inlet/outlet 
Disk Resonator  
 
 
 
(b) Micro-channel  
Pads for electrical connection 
Disk Resonator 
(a) 
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Figure 3.8 Printed Board Circuit with micro-channel encapsulated silicon chip 
 
Since the extensional supporting beams of the resonators at the same time act as 
both thermal actuators and piezoresistive sensors, disk resonators are tested in a one-port 
configuration. In order to generate an actuation force at the input signal frequency, a 
combination of AC and DC currents component is applied between the two pads, 
connected to the thermal actuation on two sides of the disk resonator. For biasing and 
isolation, 510Ω bias resistors and a 0.1µF bypass capacitor is used. The electrical 
connections to the resistor pads are provided by wedge-bonded aluminum wires. Figure 
3.9 shows the circuit configuration used to test the resonators. The input voltage is 
applied by the network analyzer to the piezoresistive actuators for actuating the disk 
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resonator. The resonance frequency of the resonator is monitored from the network 
analyzer. 
 
 
 
 
 
 
 
  
 
 
The narrow, steep negative resonance peek of the disk resonator when operating 
in air is shown in Figure 3.10(a). For a disk resonator with a 100µm diameter, a thickness 
of 5µm, and an actuator length and width of 72µm and 4µm respectively, the resonance 
frequency in air is measured as 5.66MHz. When DI water is injected through the inlets of 
the microfluidic channel the resonance frequency drops from 5.66 MHz to 5.63MHz. The 
resonance peak of the disk resonator under water is flat compared to the narrow and steep 
peak of the resonance peak in air (Fig 3.10(b)). 
 
 
Vin 
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Pads for electrical Connection 
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C 
 
  
 
 
Vbias 
R 
Figure 3.9 Schematic Diagram of the electrical connections to resonator for 
one-port operation and measurement 
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Figure 3.10 Resonance peak of a disk resonator (a) in air (b) in water.
(a) 
   (b) 
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Chapter Four 
Molecular Detection 
 
4.1 Introduction 
The fabricated rotational mode disk resonators are used as sensors for label-free 
bio-molecular detection that is based on real-time monitoring of the resonant frequency 
of the resonators. Due to their extremely high mass sensitivities, adsorption of thin films 
or even molecular monolayers on the surface of resonators results in a measurable 
frequency shift.      
This chapter presents the molecular detection technique used by the disk 
resonators to validate their molecular detection capability. In addition this chapter also 
presents resonant response validation of the disk resonators via fluorescent imaging.   
 
4.2 Surface Linkage synthesis 
To demonstrate that the fabricated thermally actuated rotational mode disk 
resonators are capable of label-free bio-molecular detection, the strong non-covalent 
binding of Avidin with its ligand Biotin is used. In this approach the surface of the
 48 
 
resonators are functionalized with Biotin as a receptor molecule. Next, the resonators are 
exposed to the target molecule Avidin, which binds with Biotin. Due to the deposition of 
the bio-molecules, the resonance frequencies decrease with respect to its reference 
frequencies. This proves the detection capability of the rotational mode disk resonators. 
 
4.2.1 Biotin-Avidin Conjugation  
 
Avidin is a protein that is considered a minor component of chicken egg whites, 
which help prevent the growth of bacteria. On the other hand, Biotin is a B-vitamin 
(vitamin B7) which is present in all living cells. Figure 4.1 shows the molecular structure 
of a Biotin molecule.  
 
Figure 4.1 Molecular structure of Biotin 
 
The Avidin-Biotin bond is the strongest well-known biological interaction 
between a ligand and a protein which was first discovered in 1941 [59, 60].  Avidin is a 
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tetramer (structure having four identical sub-units) which is equivalent to molecular 
weight of 64KDa [59] and the structure is very stable. Each one of the four identical sub-
units of Avidin can bond with one Biotin, which means that four Biotin molecules can 
attach to one Avidin molecule (Fig 4.2).  The dissociation constant of Avidin to Biotin is 
measured to be 10
-15
M [60]. Figure 4.3 show the 3D view of the Avidin structure with its 
four sub-units, each holding a Biotin molecule.  
 
 
 
 
 
 
 
 
 
 
 
Avidin 
Biotin 
Figure 4.2 Schematic diagram of conjugation. 
 
       
 50 
 
  
Figure 4.3 a 3D Structure of Avidin holding Biotin 
4.3 Experiments 
Two separate experiments are being carried out for the label-free molecular 
detection. In the first experiment, the surface of the rotational mode disk resonator is 
treated with PLL-PEG-BIOTIN followed by Avidin.  
The PLL-PEG is a grafted co-polymer [61] in which the PEG side chains attach 
with Poly-L-Lysine (PLL) to form a comb-like structure (Fig 4.4). The PEG side chains 
on the surface work as a water-binding hydrogel-like brush with protein-resistant 
characteristics which depend on the length, flexibility and density of the PEG chains [62]. 
This resistance depends on the molecular weight of the PEG chains and the grafting ratio 
of lysine units to PEG chains [61]. The positively charged PLL backbone electrostatically 
adsorbs the negatively charged silicon dioxide surface of the resonator. The PEG side 
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chains stretch away from the surface, forming a protective layer preventing contact 
between the protein molecules and the surface of the resonator. Figure 4.4 shows the 
molecular structure of the PLL-PEG molecule. The frequency measurements and shifts 
are recorded from the device after PLL-PEG-BIOTIN followed by Avidin adsorption.  
 
Figure 4.4 The PLL-PEG structure used to passivize the surface of the resonator against 
non-specific adsorption of protein.  
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 In order to further validate the results of the first experiment, a similar experiment 
is carried out on a similar resonator with the only difference being that the PLL-PEG is 
used without Biotin chained with it. Frequency measurements and shifts are recorded 
from the device due to the PLL-PEG followed by Avidin adsorption and compared with 
the results of the first experiment for further analysis.  
 
The details of the two experiments are given in the sections below: 
4.4 Experiment 1 
In the first step of the experiment, the resonance frequency of the resonator is 
measured in air. The supply voltage is kept constant throughout each experiment. Next, 
DI water is injected through the inlet of the micro-channel using a micro-syringe and 
extra water is collected by a tissue paper from the outlet. While the DI water sits inside 
the micro-channel i.e. the rotational mode disk resonator is submerged inside DI water, 
the resonance frequency of the resonator is recorded in real-time and saved for future 
comparison. After that, the micro-channel is filled with HEPES buffer and the resonance 
frequency of the rotational mode disk resonator is measured and recorded for further 
analysis.  
 
4.4.1 Surface Passivation 
Next, surface passivation of the resonator surface is done so that they become 
highly inert to non-specific adsorption of Avidin molecules, thus enabling effective 
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handling of the bio-molecules. In this experiment PLL (20)-g [3.5]-PEG (2)/PEG (3.4) - 
Biotin (50%) [PLL (20kDa) grafted with PLL (2kDa) and PEG-Biotin (3.4kDa) with a 
grafting ratio of 3.5] from surface solution (Switzerland) have been used. For passivation, 
the resonator’s silicon dioxide surface is functionalized by a mixture prepared by diluting 
0.1ml of PLL-PEG-BIOTIN in 0.9ml of HEPES buffer. Figure 4.5 shows the molecular 
structure of PLL-PEG-BIOTIN. A separate microsyringe is used to inject the prepared 
mixture into the inlet of the microchannel and extra solution is recovered from the outlet 
of the microchannel.  
 
Figure 4.5 Molecular structure of PLL-PEG-BIOTIN 
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The PLL-PEG-BIOTIN layer on the surface of the resonator acts like a molecular 
recognition element (MRE), forming an attractive immunoassay to target Avidin bio-
molecules. The attachment of PLL-PEG-BIOTIN to the negatively charged silicon 
dioxide surface of the rotational mode disk resonator is shown in Figure 4.6.  
 
 
Figure 4.6 PLL-PEG-BIOTIN on negatively charged SiO2 surface.  
 
Due to the vibration of the rotational mode disk resonator inside the liquid, the 
temperature of the liquid increases which results in quick evaporation of the liquid in the 
atmosphere. Moreover the amount of liquid in the micro-channel is so little that it can 
easily evaporate and disappear in the air due to the environmental temperature. For this 
reason, PLL-PEG-BIOTIN is injected 3 to 4 times by the micro-syringe throughout this 
step. The PLL-PEG-BIOTIN solution is kept inside the micro-channel for about 55-60 
minutes.  
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As the surface is functionalized with PLL-PEG-BIOTIN (Fig 4.7(b)), the resonance 
frequency of the resonator is measured simultaneously in real-time. The resonance 
frequency deteriorates with respect to the resonance frequency taken in air and water. At 
the beginning, the frequency decreases drastically within 10-25 minutes into the addition 
of PLL-PEG-BIOTIN, but as the time precedes frequency shifts starts to slow down. 
After close to 50 minutes the frequency becomes steady and at the end it stops changing. 
The stoppage of the change in the resonance frequency indicates the end of this step of 
the experiment. By comparing the frequency measurement result with the measurement 
taken in the DI water, it is concluded that PLL-PEG-BIOTIN electrostatic adsorption has 
taken place on the surface of the resonator. 
Finally, the surface of the resonator is rinsed by injecting HEPES buffer. The 
resonance frequency of the resonator is again measured while the resonator is submerged 
inside HEPES buffers. While the HEPES buffer is injected, it washes away some of the 
loosely contacted polymers on the surface that are easily movable due to one or two 
rinses from the surface of the resonator. As a result, the total added mass decreases from 
the surface of the resonator, thus slightly increasing the resonance frequency of the 
resonator.   
 
4.4.2 Adding Avidin 
For validating the surface chemistry and confirming the successful Biotin-Avidin 
couplings the Resonator surface is treated with Avidin solution (0.5uM Avidin diluted in 
10mM HEPES buffer) for 1 hour. The Avidin is collected from Invitrogen (Carlsbad, 
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CA).  Avidin is well-known for its high binding affinity to its ligand Biotin, and is 
therefore commonly used in bio-molecular procedures. As the Avidin solution is injected 
inside the micro-channel, Avidin comes in contact with the Biotin molecules immobilized 
on the resonator surfaces within the PLL-PEG chains and they bond instantly. Avidin 
only binds specifically to its receptor Biotin while the copolymer repels all other kinds of 
protein. Biotin-Avidin coupling adds more mass onto the surface of the resonator, which 
causes a significant decline in the resonance peak. Figure 4.7 (c) shows the attachment of 
Avidin with PLL-PEG-BIOTIN.  
The measurement of the resonance frequency is done in real-time. At the 
beginning of the experiment, the resonance frequency reduces rapidly, but as the time 
goes by, the decrease slows down. Approximately 1 hour into this step, the decrease in 
the resonance frequency stops and remains at a steady state.  
After this step, extra reagents on the surface of the resonator are rinsed off by the 
HEPES buffer and loosely contacted molecules are washed away. Thus resulting in a 
decrease in the added mass on the surface of the resonator and increasing the resonant 
frequency.  
At the end, the resonator is rinsed with DI water and frequency measurements 
were taken as the final step of this experiment. As water rinsed away even more 
molecules, the frequency increased a bit more. 
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Figure 4.7: a) PLL-PEG-BIOTIN adsorbed by the negatively charged resonator surface b) 
Showing the Biotin molecules. c) Avidin molecules attaching with Biotin 
4.5 Experiment-2 
In order to further validate the results of the previous experiment, a second similar 
experiment is carried out on another similar resonator.  
Like the previous experiment, this experiment also starts with taking real time 
resonance frequency measurements of the rotational mode disk resonator in air, DI water 
and HEPES buffer, respectively. The supply voltage of the experiment is kept constant 
throughout the experiment.    
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4.5.1 Surface Passivation 
Next, instead of using PLL-PEG-BIOTIN, the surface of the resonator is 
passivized with PLL-PEG [Poly-L-Lysine-Polyethylene-Glycol [PLL (20)-g [3.5]-PEG 
(2)] without Biotin. For this experiment a solution mixture is prepared by diluting 0.1ml 
of PLL-PEG in 0.9ml of HEPES buffer which is then injected inside the micro-channel 
for 45-55 minutes. The resonance frequency of the resonator is then measured in real-
time. 
Similar to the previous experiment, the positively charged PEG side chains react 
with the negatively charged silicon dioxide surface (Figure 4.8(a)). Due to added mass of 
the PLL-PEG grafted copolymer on the surface of the resonator, the resonance frequency 
decreases (rapidly at the beginning and slowly at the end). Eventually the resonance 
frequency comes to a steady state and the changes stop.   
Excess regents from the surface are removed by cleaning the surface with HEPES 
buffer. The resonance frequency is recorded at the end of the cleaning.  
4.5.2 Adding Avidin  
The surface of the resonator is then treated by the Avidin solution (0.5uM Avidin 
in 10mM HEPES buffer) for 1 hour. During this hour, real-time monitoring of the 
resonance frequency is done.  
 As expected, the resonance frequency did not show any clear change. Due to the 
absence of Biotin molecules on the surface of the resonator, the Avidin molecules are not 
absorbed onto the surface (Figure 4.8 (c)). As Avidin molecules are unable to attach with 
the surface of the resonator, no extra mass is added on the surface. Thus, a less or almost 
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unnoticeable frequency decrease is observed. This experiment validates that Avidin only 
attaches to the surface of the resonator when Biotin is chained with the PLL-PEG strands.   
Extra regents present on the surface of the resonator are then washed away by the 
HEPES buffer. Resonance frequency of the resonator is measured in real time while the 
resonator is cleaned with HEPES buffer followed by DI water.  
 
Figure 4.8: a) PLL-PEG adsorbed by the negatively charged resonator surface b) PEG 
strands without Biotin. c) In the absence of Biotin, Avidin molecules are not able to 
attach with the PEG strands.  
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4.6 Resonance Response Validation via Fluorescent Imaging  
To further confirm that the resonance frequency shifts of the rotational mode disk 
resonators are due to molecular attachments on the resonator surfaces, a different 
approach is taken.  
 Now-a-days fluorescent colorants are still the most extensively used tags for 
recognition purpose and have a remarkable influence on cell biology, especially in  
histopathology research or gene-chip hybridization  research and clinical studies. 
 In this approach, fluorescently labeled molecules PLL (20)-g [3.5]-PEG (2)/PEG 
(3.4) - Biotin (50%) [PLL (20kDa) grafted with PLL (2kDa) and PEG-Biotin (3.4kDa)], 
PLL (20)-g[3.5]-PEG(2)/TRIC(fluorescent red label) from Surface solution (Switzerland) 
and Alexa Fluor 488 Avidin (fluorescent green label) are used. Fluorescent imaging is 
done to confirm the existence of the expected molecular layers on the resonator 
surfaces[63]. 
 
4.7 Characterization   
Initially the fluorescent imaging is done on blank silicon wafers before applying 
them on the actual resonators. For this purpose two types of surfaces are selected: silicon 
wafers with dry oxide and silicon wafers with wet oxide. Between two of them wet 
oxidation shows a convincing amount of polymer adsorption on the surface of the silicon 
chip.  
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 The characterization starts by growing a wet oxide layer on the surface of the 
blank silicon wafer for 30 minutes in 1100°C. After the wet oxidation, the surface is 
cleaned with piranha (3:1 Sulfuric Acid and Hydrogen Per-oxide) for 15 minutes. 
 The passivation and conjugation process is monitored by preparing 1:3, 0:1 and 
1:0 ratios of TRIC-PLL-PEG and PLL-PEG-BIOTIN (Table 4.1). Throughout the 
experiment, the concentration of the mixture is kept constant at 0.1mg/ml in 10mM 
HEPES buffer pH 7.4 (4-(2-hydroxy-ethyl)-1-piperazine-ethane-sulfonic acid) and the 
deposition time to 50 minutes. In addition to that, the deposition of the Alexa Avidin on 
the surface of the blank chip is also kept constant to 60 minutes. At the end, the blank 
silicon wafer is rinsed with HEPES buffer followed by water. 
 
Table 4.1 Deposition Characterization  
Concentration 
0.1mg/ml 
Concentration
0.5µM 
Color of 
the 
Fluorescent 
image 
Blank 
chip 
 
TRIC-PLL-PEG PLL-PEG-BIOTIN Alexa Avidin ®  
1 3    
0 1   
1 0   
 
The fluorescent imaging is done for TRIC and Alexa Avidin respectively and then 
compared with a non-reacted blank silicon wafer for proper calibration. The emission 
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wavelengths of TRIC and Alexa Avidin in fluorescent microscopy are 625nm and 
488nm, respectively. 
 
 
 
 
  
 
 
 
Figure 4.9 Fluorescent images of the prepared silicon wafer 
 
Fluorescent images from the microscope reveal a 100% surface passivation for 
the silicon wafer that is functionalized with TRIC-PLL-PEG. In addition to that, as PLL-
PEG-BIOTIN is increased in the solution, an increase in the amount of conjugated Avidin 
is observed (Figure 4.9). Due to the presence of the Alexa Avidin on the surface of the 
silicon wafer, the intensity of the emitted 488nm light increased.  
 
Ratio of TRIC-PLL-PEG [Fluorescent label RED] to PLL-PEG-Biotin 
Alexa Fluor Avidin® 
Blank 1:0 1:3 0:1 
 Blank 1:0 1:3 0:1 
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4.7 Device Preparation 
For fluorescent imaging validation of the experiments conducted in Sections 4.4 
and 4.5, the rotational mode disk resonator with PDMS-based micro-channel is prepared 
the exact same way as the previous experiments.   
 
4.8 Fluorescent Validation of Experiment 1 
In this experiment, first the resonance frequency of the disk resonator is measured 
in air followed by water. A solution mixture of 66.6µL of PLL-PEG-BIOTIN [10ug/uL 
PLL-PEG-BIOTIN diluted in 10nM HEPES buffer pH 7.4 (4-(2-hydroxy-ethyl)-1-
piperazine-ethane-sulfonic acid) , and 33.33µL of TRIC-PLL-PEG (PLL-PEG with 
fluorescent red label) [10ug/µL TRIC-PLL-PEG diluted in 10nM HEPES buffer pH 7.4 
(4-(2-hydroxy-ethyl)-1-piperazine-ethane-sulfonic acid) is prepared. The solution is then 
injected into the micro-channel and real-time monitoring of the resonance frequency of 
the resonator, which is carried out for 60 minutes. As PLL-PEG-BIOTIN makes a 
protective layer on the surface, it adds mass which decreases the resonance frequency. A 
frequency shift of ~3400ppm after molecular absorption is recorded. Extra reagents are 
washed away by cleaning the surface with HEPES buffer.  
 Next, Alexa Fluor 488 Avidin (fluorescent green label) solution is injected into 
the micro-channel for one hour and real-time monitoring is conducted.  As expected, due 
to the surface already having PLL-PEG-BIOTIN, Avidin attaches with the Biotin 
molecules, thus adding mass to the disk resonator and decreasing the resonance 
frequency. A resonance frequency shift of ~4000ppm after Alexa fluor Avidin adsorption 
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is observed. Extra regents are washed away by cleaning it repeatedly with HEPES buffer 
followed by water. 
 
4.8.1 Fluorescent Imaging 
To prepare the micro-channel encapsulated disk resonator for fluorescent 
imaging, the PDMS based micro-channel is carefully removed from the surface and the 
silicon chip is then placed under the fluorescent microscope.   
 For proper calibration, a blank non-reacted silicon chip is first placed under the 
microscope and images are recorded. Then the disk resonator is placed under the 
fluorescent microscope. Fluorescent microscopy results shown in Figure 4.10 reveals 
bright green on the surface (Fig 4.10(c)) compared to blank silicon chip (Fig 4.10a) 
confirming that Alexa Avidin has been adsorbed by PLL-PEG-BIOTIN in the mixture. 
Red color in Figure 4.10b indicates adsorption of TRIC-PLL-PEG to the surface. 
 
 
 
 
Figure 4.10: a) Fluorescent microscope image of a Blank non-reacted oxidized silicon 
chip. b) represents surface adsorption of TRIC-PLL-PEG. c) Bright green color 
represents surface adsorption of Avidin. 
a) b) c) 
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4.9 Fluorescent Validation of Experiment 2 
In this experiment TRIC-PLL-PEG [10ug/uL PLL-PEG diluted in 10nM HEPES 
buffer pH 7.4 (4-(2-hydroxy-ethyl)-1-piperazine-ethane-sulfonic acid) [Fluorescent RED 
label] is prepared. Similar to the previous experiments the resonance frequency of the 
resonator is measured in air followed by water. Next TRIC PLL-PEG is injected into the 
micro-channel and resonance frequency is monitored in real-time for one hour. As 
expected due to TRIC-PLL-PEG adsorption on the surface, a decrease in the resonance 
frequency is noticed. Next Alexa fluor Avidin is injected into the micro-channel for 
another hour and the resonance frequency is monitored. No deviation in resonance 
frequency is noticed due to the absence of Biotin in the solution. At the end, extra regent 
was washed away by HEPES buffer followed by water.  
 
 4.9.1 Fluorescent Imaging  
To prepare the micro-channel encapsulated disk resonator for fluorescent 
imaging, the PDMS based micro-channel is carefully removed from the surface and the 
silicon chip is then placed under the fluorescent microscope.   
 For proper calibration, a blank non-reacted silicon chip is initially placed under 
the microscope and images are recorded. The blank non-reacted chip showed a dark 
green color that represents background noise which is typically seen in fluorescent 
microscopy. Figure 4.11 shows the frequency shift due to TRIC-PLL-PEG adsorption 
and no change in frequency upon exposure to Alexa Avidin. Figure 4.11(b) shows bright 
red color compared to blank silicon chip (Fig 4.11(a)) confirming adsorption of TRIC-
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PLL-PEG. Absence of bright green color in figure 4.11(c) validates that TRIC-PLL-PEG 
has kept Alexa Avidin from adsorbing to the surface due to lack of Biotin terminations. 
 
 
 
Figure 4.11: a) Fluorescent microscope image of a blank non-reacted oxidized silicon 
chip. Dark green color represents background noise. b) represents surface adsorption of 
TRIC-PLL-PEG . c) Dark green color represents background noise. 
 
a) b) c) 
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Chapter Five 
Results 
 
5.1 Introduction 
In this chapter, the resonance frequency response of the experiments is discussed. 
Instead of drying the resonators, all the measurements are taken while the resonators were 
immersed in biological solutions. Later the data was plotted on a graph for comparison 
and analysis. The real time data feeds provided the opportunity of direct bio-sensing.  
 
5.2 Frequency response  
The frequency response plot of a 100µm diameter, 72µm Actuator length, 4µm 
Actuator width, and 20µm thick rotational mode disk resonator is shown in Figure 5.1. 
The resonance frequency measurement of the resonator is first taken in air. The data plot 
in air is not shown in the graph. Next the resonance response of the resonator is taken in 
water then buffer, followed by a mixture of PLL-PEG+PLL-PEG-BIOTIN, then Avidin, 
again in buffer, and at the end, in water. Throughout the experiment, real time data feed is 
collected from the network analyzer. The result is plotted in an Excel data sheet.
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Figure 5.1: Frequency Measurement at all the steps of the experiment while treating the 
surface with PLL-PEG-Biotin and then Avidin. 
 
 
 
 
 
 
 
 
Figure 5.2 Frequency Measurement at all the steps of the experiment while treating the 
surface with PLL-PEG and then Avidin. 
 
The resonance frequency response of the resonator in the air was measured 
5.662MHz. When distilled water was inserted into the micro-channel and the device 
came into contact with the water, the frequency dropped to 5.634MHz. Next a mixture of 
PLL-PEG and PLL-PEG-Biotin was injected. Real-time monitoring of the resonant 
frequency performed during injection shows a total frequency shift of ~2810 ppm due to 
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added mass of the adsorbed PLL-PEG-BIOTIN chains on the surface of the resonator 
(Figure 5.1). Extra regents were removed by cleaning the resonator and channel by 
HEPES buffer. The measurement and recording of the resonant frequency was done 
under a constant DC bias current of 9mA.  
  Next the surface was treated with Avidin. Due to the binding of Avidin with the 
Biotin molecules immobilized on the resonator surfaces within PLL-PEG chains, more 
mass was added onto the surface of the resonator. As a result, an added frequency shift of 
~4000ppm was observed (Figure 5.1). At the end, the excess reagents on the surface of 
the resonator were rinsed off by HEPES buffer followed by water. The supply voltage 
was kept constant.  
 In order to further validate results of the previous experiment, a second similar 
experiment was carried out. The frequency response plot of a 100µm diameter, 72µm 
length actuator, 4µm width actuator, and 20µm thick rotational mode disk resonator is 
shown in Figure 5.2.  This separate experiment starts by taking frequency measurements 
of the rotational mode disk resonator in air, followed by water. The frequency plot 
(Figure 5.2) does not show the frequency response in air. In this experiment, PLL-PEG is 
used instead of using PLL-PEG-BIOTIN. Similar to the previous experiment, the 
positively charged PEG side chains react with the negatively charged silicon dioxide 
surface resulting in a ~3400ppm frequency shift. Excess reagents were removed from the 
surface of the resonator by cleaning the surface with HEPES buffer. The surface was then 
treated by the same Avidin solution for one hour. The resonance frequency monitoring, 
however, did not show any clear change in resonant frequency of the device (Figure 5.2). 
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As expected, due to the absence of Biotin molecules on the surface and presence of the 
PEG chains, Avidin was not absorbed on the surface.  Throughout the experiment, real 
time data feed is collected from the network analyzer. At the end of the experiment the 
data is plotted in an excel data sheet.  
 The frequency response of a rotational mode disk resonator with 100µm diameter, 
72µm Actuator length, 4µm Actuator width, and 10µm thickness is shown in Figure 5.3. 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.3 Resonance frequency shifts of two similar rotational mode disk resonators 
upon exposer to a) PLL-PEG-BIOTIN followed by Avidin b) PLL-PEG followed by 
Avidin where only PLL-PEG-BIOTIN immobilized Avidin. 
 
 3404 ppm 
3404 ppm 
3404ppm 
4000ppm 
4000ppm 
a 
b 
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5.3 Measurement Results  
Measurement results for different dimensions of resonators when treated with 
PLL-PEG-BIOTIN followed by Avidin are given in the table below: 
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1 100/72/4/10 12 9.67 20 5.19 3400 4000 
2 200/15/2/5 12 9.74 20 4.88 3210 3800 
3 100/72/4/5 15 12.44 17 4.76 3040 3700 
4 100/36/4/5 10 7.14 19 4.42 3440 4020 
5 100/52/2/5 15 12.53 17 4.60 3404 3920 
6 200/72/4/10 10 6.66 21 2.68 2980 4000 
7 100/72/4/20 12 9.49 21 5.66 2810 3380 
8 100/36/4/5 11 8.47 19 2.701 3145 3662 
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9 200/72/4/5 12 9.76 19 5.20 3358 3889 
10 100/72/4/5 12 9.55 21 4.40 3240 3890 
11 100/52/2/2 15 12.23 16 3.75 3220 4000 
12 100/36/4/5 12 9.99 19 3.67 3350 3990 
 
Table 5.1 Measurements and calculation results of different thermally actuated rotational 
mode disk resonators. 
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Measurement results for different dimensions of rotational mode disk resonators 
when treated with PLL-PEG followed by Avidin are given below. 
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Rotational 
mode disk 
resonator with 
straight 
tangential 
support beams 
1 200/52/2/10 10 7.21 18 4.89 3400 0 
2 100/36/4/5 15 12.11 16 3.27 3410 0 
3 200/15/2/10 12 9.67 20 4.67 3300 0 
4 100/72/4/20 12 8.97 25 3.5 3400 0 
5 100/72/4/5 15 12.34 16 4.6 3140 0 
6 100/72/4/5 15 11.23 15 3.5 2987 0 
7 100/72/4/5 12 9.18 23 4.79 3261 0 
8 100/36/4/5 12 9.55 21 4.21 3000 0 
9 200/15/2/10 11 8.47 19 3.61 3300 0 
Rotational 
mode disk 
resonator with 
rounded 
support beams 
10 100/52/4/5 10 6.34 22 4.6 3430 0 
11 200/72/4/5 12 8.51 27 4.04 3340 0 
12 100/52/4/5 15 12.21 16 3.02 3500 0 
 
Table 5.2 Measurements and calculation results of different thermally actuated rotational 
mode disk resonators. 
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Chapter Six  
Conclusion and Future Work 
 
6.1 Conclusion 
Thermally actuated rotational mode disk resonators with resonant frequencies 
ranging from 5-10 MHz were used as highly sensitive sensors. This work demonstrated 
the detection of bio-molecules on the silicon dioxide surface of the rotational mode disk 
resonators. In addition, PDMS-based micro-channels were manufactured successfully and 
embedded on the surface. The microfluidic channels delivered complete protection from 
any contamination and isolated the disk surface from the electrically conductive solutions 
used in the experiment. 
 To prove the molecular detection capability of the rotational mode disk 
resonators, two surface passivation approaches were examined. In the first approach a 
layer of PLL-PEG-Biotin was formed to functionalize the resonator surface. As a result a 
negative frequency shift of ~3400ppm was recorded in real-time. Next, Avidin was 
exposed to the surface that reacted with Biotin and a negative frequency shift of 
~4000ppm was observed.  
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In a separate test, formation of PLL-PEG layer on the resonators showed a similar 
frequency shift of ~3400ppm but adding Avidin to the surface showed no shift which 
confirmed that Avidin was unable to bind without the presence of Biotin, thus confirming 
the reason of the frequency shift in the previous approach.  
 For classification, optimization, and validations of the suggested technique, 
fluorescent imaging was done. The rotational mode disk resonator was reacted with PLL-
PEG-BIOTIN followed by Alexa fluor Avidin that revealed a bright green color in the 
fluorescent microscope image confirming the presence of Alexa Avidin [fluorescent color 
Green] on the surface of the resonator. On a different approach, the disk resonator was 
treated with TRIC-PLL-PEG followed by Alexa Avidin that showed no existence of 
Alexa Avidin, thus confirming the binding incapability of Avidin on the surface of the 
resonator without Biotin.  
 
6.2 Future Directions 
The fabricated rotational mode disk resonators have a very simple fabrication 
process. While the resonators do not need transduction gaps which may clog the sensory 
techniques, their in-plane vibrational modes provide high quality factor and even mass 
sensitivity which is advantageous for mass sensing applications. The fabricated sensors 
have a great potential for commercialization and further development of such can 
improve their performance.  
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6.2.1 Two-port Configuration. 
Even though one-port configurations are advantageous for some sensory 
applications, having a two-port configuration for thermally actuated piezoresistive 
resonator is desirable. Resonators with two port configuration have lesser feed through, 
having the ability to form an oscillator. Since this increases their quality factor, they can 
easily be placed inside a positive feedback loop. Thus, biased resistors are not needed in 
the two-port configurations.  
 
6.2.2 Array Implementation  
The rotational mode disk resonators with different sizes can batch fabricated by 
encapsulating them in two dimensional arrays. This allows the opportunity to 
simultaneously analyze and detect particles with different sizes of sensors. The MRE 
molecules can be immobilized in rows and columns and treated with samples that contain 
the corresponding target molecules.  
   One of the challenges that large arrays of sensors face is that they have large 
numbers of electrical connections. To eliminate this problem, the micro array structure 
can have only two electrical inter-connecting layers as shown in Figure 6.1(a). To further 
enhance the micro array approach the resonator can also be encapsulated with micro-
fluidic channels.  
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Figure 6.1 Schematic view of microfluidic channel encapsulated Array of Disk resonators 
with the electrical connections  
 
6.2.3 DNA Detection 
The rotational mode disk resonators can also be used in a variety of other bio-
molecular detection purposes like Biotinylated DNA strands.  
 In recent years, DNA–based investigative examinations have been developing and 
DNA detection techniques are encouraged by many fields like gene analysis and forensic 
investigations. DNA can be used to recognize organisms ranging from humans to bacteria 
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and viruses. Detection of genetic mutations at the molecular level unlocks the opportunity 
to execute dependable diagnoses before the symptoms of disease start to show.  
 In this work, PLL-PEG-Biotin has been used for preventing non-specific protein 
adsorption and later, Avidin was introduced which attached to Biotin. Avidin is also 
known to bind with DNA strands. Gel-shift assays, transmission electron microscopy, 
and dynamic light scattering experimentations confirmed a surprisingly strong 
relationship between Avidin and DNA [64]. The DNA molecules assemble on Avidin 
molecules in an organized way which makes a doughnut-like shape. One Avidin 
molecules can bind to each 18 +/- 4 DNA base pairs and the bond is very stable. Figure 
6.2 shows the binding of DNA strands with Avidin molecules.    
 
 
Figure 6.2: Biotinylated DNA strands attaching with Avidin 
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